Because of the shortage of agalsidase-b supply between 2009 and 2012, patients with Fabry disease either were treated with reduced doses or were switched to agalsidase-a. In this observational study, we assessed end organ damage and clinical symptoms with special focus on renal outcome after 2 years of dose-reduction and/or switch to agalsidase-a.Atotalof89adultpatientswithFabrydiseasewhohadreceivedagalsidase-b (1.0mg/kgbodywt)for.1 yearwerenonrandomlyassignedtocontinuethistreatmentregimen(regular-dosegroup,n=24),toreceiveareduced dose of 0.3-0.5 mg/kg and a subsequent switch to 0.2 mg/kg agalsidase-a (dose-reduction-switch group, n=28), or to directly switch to 0.2 mg/kg agalsidase-a (switch group, n=37) and were followed-up for 2 years. We assessed clinical events (death, myocardial infarction, severe arrhythmia, stroke, progression to ESRD), changes in cardiac and renal function, Fabry-related symptoms (pain, hypohidrosis, diarrhea), and disease severity scores. Determination of renal functionbycreatinineandcystatinC-basedeGFRrevealeddecreasingeGFRsinthedose-reduction-switchgroupand the switch group. The Mainz Severity Score Index increased significantly in these two groups (P=0.02 and P,0.001, respectively), and higher frequencies of gastrointestinal pain occurred during follow-up. In conclusion, after 2 years of observation,allgroupsshowedastableclinicaldiseasecoursewithrespecttoseriousclinicalevents.However,patients under agalsidase-b dose-reduction and switch or a direct switch to agalsidase-a showed a decline of renal function independent of the eGFR formula used.
The shortage in agalsidase-b supply (from June 2009 to January 2012) resulted in a change of treatment regimen in many patients. Patients who had formerly received agalsidase-b in a standard dose (1.0 mg/kg body wt every other week [e.o.w.]) were dose-reduced (0.3-0.5 mg/kg body wt e.o.w.) or switched to agalsidase-a (0.2 mg/kg body wt e.o.w.). Very limited clinical data on the basis of small potentially statistically underpowered 8 patient cohorts demonstrated no relevant effects on clinical outcome. [9] [10] [11] [12] In our recent multicenter study comprising 105 patients with FD followed-up for 12 months, patients receiving a regular agalsidase-b dose had a stable disease course, but dose reduction was associated with worsening of renal function and symptoms. 13 Switching to agalsidase-a was safe, but renal function declined and Fabry-related symptoms increased in some patients. 13 Because the 1-year follow-up period was relatively short, a long-term follow-up study of patients who were dose reduced and/or switched is warranted.
In this study we assessed clinical stability and safety during agalsidase-b standard dose, ERT dose reduction (agalsidase-b, 0.3 or 0.5 mg/kg e.o.w.), and subsequent switch or a direct switch to agalsidase-a (0.2 mg/kg) after 2 years of observation, with a special focus on clinical events, renal end organ damage, disease-related clinical symptoms, and disease severity. Figure 1 represents an overview of this retrospective observational study. A comprehensive diagnostic workup was performed as previously reported. 13 The baseline characteristics of all patients are presented in Tables 1-3 . In total, 89 patients with FD were included. The mean age was 45.5612.5 years, and 37.1% were women. Patients received agalsidase-b, 1.0 mg/kg body wt e.o.w. for 44.2626.3 months at baseline. Because of the ongoing supply shortage of agalsidase-b, patients receiving 0.5 mg/kg e.o.w. were switched to agalsidase-a (0.2 mg/kg e.o.w.) after 12 months of observation ( Figure 1) . Because of the observational design (real-world design), patients were not randomized. The long-term treatment strategy was decided by the interdisciplinary physicians of the Fabry centers. This strategy resulted in quite inhomogeneous treatment groups, with more severely affected patients with FD in the regular-dose group and suspected milder affected patients within the dose-reductionswitch and switch groups. In detail, compared with the switch-group and the dose-reduction-switch group, the regular-dose group comprised more male patients (each P,0.05) ( Table 1) , resulting in a lower residual enzymatic GLA activity (each P,0.05) ( Table 1 ). In terms of FD-typical symptoms, patients in the regular-dose group more often showed edema compared with the dose-reduction-switch group (P,0.05) ( Table 1) . In addition, patients in the regular-dose group and dose-reductionswitch groups suffered more often from pain attacks compared with those in the switch group (each P,0.05) ( Table 1) .
RESULTS

Patients
At baseline, all three groups did not significantly differ in eGFR on the basis of different formulae (Table 2) . Cardiac measures revealed only a slightly increased left ventricular diastolic diameter in the regular-dose group in comparison with the switch group (P,0.05) ( Table 3) . Neurologic measures revealed no differences in baseline parameters between the groups (Table 3) .
Outcome for Clinical Events
The outcome for serious clinical events, such as stroke/transient ischemic attack, dialysis, renal transplantation, or a pacemaker/ implantable cardioverter defibrillator, did not significantly differ between baseline and 2-year follow-up in any of the three groups (Table 4) .
Outcome for Change in Organ Function and Structure
Because we recently reported a significant impairment of renal function after 12 months of agalsidase-b dose-reduction or switch to agalsidase-a, 13 we now focused on renal parameters, such as eGFR and albumin-to-creatinine ratio (ACR), after further 12 months. Therefore, eGFRs were calculated by three different Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formulae on the basis of creatinine and cystatin C: (1) creatinine-based (eGFR creat ) according to Levey and colleagues, 14 (2) cystatin C-based (eGFR cys ), and (3) creatinine/cystatin C-based (eGFR creat-cys ), both according to Inker and colleagues, 15 as recommended within the actual Kidney Disease Improving Global Outcomes (KDIGO) guidelines. 16 Because patients within the three groups revealed different eGFR values at baseline, calculations of renal function (i.e., annual changes) have been adjusted for baseline values (Table 5) . eGFR values of patients within the regular-dose group remained stable between baseline and 2-year followup, independent of the used eGFR formula for calculation ( Figure 2 , Table 5 ). Within the dose-reduction-switch group, eGFR creat values decreased by 5.00% per year or -3.74 ml/min per 1.73 m 2 per y (adjusted), respectively ( Figure 2 , Table 5 ). Similar results were obtained by cystatin C-based and creatinine/cystatin C-based eGFR calculations in that both calculations revealed significant decreases between baseline and 2-year follow-up ( Figure 2 , Table 5 ). Within the switch group, the annual percentage change for eGFR creat remained stable, but the multivariate regression model revealed a slight decline of 2.45 ml/min per 1.73 m 2 per y after adjustment (Table 5 ). In addition, cystatin C-based and creatinine/cystatin C-based eGFR values decreased significantly over time within this group ( Table 5) .
The analyses of raw serum creatinine and cystatin C concentrations over time in all three groups showed that creatinine values remained stable within the regular-dose (P=0.39) and switch groups (P=0.43) but increased Values are given as mean6SD or n (%). Differences between groups have been tested via one-way ANOVA for continuous variables or Fisher's exact test for categorical variables. Because of the multicenter approach, some parameters were not available for the entire study cohort. RAAS, renin-angiotensin-aldosterone system; TIA, transitory ischemic attack. significantly within the dose-reduction-switch group (P,0.01) (Supplemental Figure 1) . Raw cystatin C values remained also stable over time within the regular-dose group (P=0.83), but they increased within the dose-reductionswitch and the switch groups (both P,0.01) (Supplemental Figure 1) . ACR values did not differ between baseline and 2-year follow-up in any of the three groups ( Figure 3 
Outcome for Changes in FD-Related Symptoms
Changes in FD-related symptoms are shown in Table 6 . Frequencies of pain attacks, permanent pain, and diarrhea remained stable in all three groups between baseline and 2-year follow-up (Table 6 ). However, frequencies of gastrointestinal pain increased significantly in the dose-reductionswitch group (relative risk: 1.87; 95% confidence interval, 1.18 to 2.95) and the switch group (relative risk: 1.73; 95% confidence interval, 1.10 to 2.71) after 2 years of observation ( Table 6 ). As a marker of general disease progression and severity, Mainz Severity Score Index (MSSI) scores were assessed (Table 7) . Because the MSSI scores might be influenced by (Table 7) . In terms of cardiac involvement (i.e., left ventricular septum in diastole and ejection fraction), no differences were detected within the three groups during observation (Table 7) .
Additional Medication
Information on additional medication (diuretics, reninangiotensin-aldosterone system blockers, and analgesics) is presented in Table 1 . The three groups did not differ significantly at baseline visit in any additional medication (Table 1) . During 1-year and 2-year follow-up the number of patients receiving medication and drug doses was unchanged (data not shown). For all types of medication, no significant changes or differences among the groups and the visits were observed. Patients under 0.5 mg/kg agalsidase-b tolerated switch to agalsidase-a well. In general, three (13.0%) patients of the former dose-reduction group developed mild infusion reactions, such as mild fever and increased fatigue, after infusion. These patients were premedicated with steroids and histamine antagonists before infusions.
DISCUSSION
The agalsidase-b supply shortage between 2009 and 2012 forced the practitioners to treat the patients with FD with a reduced dose of agalsidase-b or to switch them to a regulardose of agalsidase-a. In our initial study, comprising 105 patients with FD followed-up for 12 months, patients receiving regular agalsidase-b doses had a stable disease course, but both dose-reduction and switch to agalsidase-a resulted in worsening of renal function and symptoms. 13 Because the 1-year follow-up period was relatively short, a further 2-year followup study of patients who were dose reduced and/or switched was warranted.
In this study, we assessed clinical stability and safety during agalsidase-b dose-reduction and/or switch to agalsidase-a in a 2-year follow-up with a special focus on clinical events, renal end organ damage, disease-related clinical symptoms, and disease severity score.
Our main findings are as follows: (1) patients with FD irrespective of the ERT regime showed a stable clinical disease course with respect to serious clinical events; (2) patients with FD under a regular agalsidase-b dose showed stable renal function and FD-related symptoms; and (3) patients with FD on a reduced agalsidase-b dose for 12 months and subsequent switch to a regular agalsidase-a dose for another 12 months and those patients with FD after a direct switch to agalsidase-a showed a significant decline in renal function, an increase of MSSI score, and a higher frequency of gastrointestinal pain.
ERT in FD
Recent studies with agalsidase-a and agalsidase-b have shown that ERT is safe and efficient for treatment of patients with FD. [2] [3] [4] [17] [18] [19] [20] Because adverse events and acute infusion reactions remained limited, initially ERT compounds and dosages usually remain unchanged over time. Because of a viral contamination in 2009, the worldwide agalsidase-b supply was limited for 2.5 years, 12 necessitating a dose-reduction of agalsidase-b or a switch to agalsidase-a for many patients. Limited clinical data on the basis of potentially statistically underpowered 8 patient cohorts suggested no effects on clinical outcome. [9] [10] [11] [12] However, a decrease in quality of life in women (SF-36 questionnaire), and increased lyso-Gb3 levels in patients who received a reduced dose of agalsidase-b or were switched to agalsidase-a, has been previous reported. 12 In our first multicenter study, we observed a decline of renal function, higher frequencies of FD-related symptoms, and an increase of the MSSI after 1 year after dose-reduction or switch in a larger cohort of 105 patients with FD. 13 These results were interpreted by Warnock and Mauer in a recent editorial, emphasizing that the dose of the drug matters in FD treatment and suggesting that the full dose of agalsidase-a could be too low to guarantee results as effective as those of agalsidase-b. 8 Here we report our results after additional 12 months of observation, with a special focus on renal outcome. Nephropathy is a dominant organ manifestation in FD, and progressive GFR decline may lead to ESRD in the third to fifth decade of life. 21 Kidney function is one of the critical determinants of the clinical outcome in patients with FD. The estimated GFR is the clinical standard for the assessment of kidney function, mostly on the basis of creatinine. 16 The KDIGO 2012 Clinical Practice Guideline for the Evaluation and Management of Chronic Kidney Disease recommend use of the 2009 CKD-EPI equation 14 instead of the Modification of Diet in Renal Disease study equation 22 to estimate eGFR creat . Second, they suggest use of the 2012 CKD-EPI equations 15 to estimate GFR (eGFR cys or eGFR creat-cys ) whenever cystatin C has been measured. 16 The superior performance of cystatin C or the combination of creatinine and cystatin C versus creatinine alone to estimate GFR and predict CKD outcomes has been repeatedly demonstrated. 15, [23] [24] [25] Furthermore, reduced values for eGFR cys and eGFR creat-cys have a consistent linear association with increased risk of death for all eGFR levels below approximately 85 ml/min per 1.73 m 2 , which is well above the threshold of 60 ml/min per 1.73 m 2 for the detection of CKD with a creatinine-based eGFR. 16, 26, 27 However, cystatin C-based eGFR has limitations for an association with CKD risk factors as such and outcomes similar to that of measured GFR. 25 Furthermore, already Inker et al. mentioned that unmeasured and largely unknown non-GFR determinants of cystatin C are similar in magnitude to those of creatinine. 15 In this respect, the equation that combines creatinine and cystatin C provides the Values are given as n (%) or as otherwise indicated. Differences between baseline and 2-year follow-up have been tested using Fisher's exact test. 95% CI, 95% confidence interval.
J Am Soc Nephrol 27: ccc-ccc, 2015 ERT Reduction and Switch in Fabry Disease most precise and accurate estimate of GFR across the range of GFRs and in subgroups on the basis of demographic and clinical characteristics. 15 Similar to patients with diabetes mellitus, most patients with FD are at high risk for CKD. In that respect, Perkins and colleagues demonstrated the accuracy of the cystatin C-based GFR equation to detect eGFR decline over time, especially in patients with diabetes with normal or even high GFR values 28 ; however, the use of cystatin C in patients with hyperfiltration is controversially discussed. 25 Indeed, the primary goal of our study was to assess effects of the change or reduction of ERT on renal function between baseline and the 2-year follow-up visit and the discrimination of clinical outcomes. In this respect, we determined eGFR by the CKD-EPI formula on the basis of creatinine, cystatin C, and the combination of both. Patients on a regular agalsidase-b dose showed a stable renal function over 2 years irrespective of the CKD-EPI formula used. Because of ongoing agalsidase-b supply shortage we were forced to switch most patients formally receiving a reduced dose of agalsidase-b to a regulardose of agalsidase-a. Patients under a reduced dose of agalsidase-b for 12 months and subsequent switch to a regulardose of agalsidase-a for additional 12 months showed an eGFR decline irrespective of the three calculations used. In patients directly switched to agalsidase-a an adjusted annual eGFR decline with all three formulae was observed. This may indicate that directly switched patients suffer from a more pronounced renal impairment after 2-years follow-up. Besides the observed renal impairment, patients with FD presented with increasing frequencies of gastrointestinal pain and worsened MSSI scores in the dose-reduction-switch and switch groups. However, cardiac measurements remained stable in all three groups during the 2 years of follow-up.
In contrast with our findings after 1 year follow-up, 13 ACR values did not significantly differ between baseline and 2-year follow-up in any of the three groups. These results have to be interpreted with caution because the ACR values might be influenced by several factors, such as glycemic and BP control, treatment with angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers, nondihydropyridine calcium channel blockers (diltiazem and verapamil), salt consumption, exercise in the 24 hours before the measurement, day time of the measurement, and muscle mass (overestimated albumin excretion in a cachectic patient in whom muscle mass and creatinine excretion are markedly reduced). 29, 30 Clinical Effect As reported previously, the supply restriction for agalsidase-b caused distress and concern in both patients and physicians. Because of the observational study design, it cannot be concluded that the regular agalsidase-b dose regimen is the optimal treatment for all patients with FD. In addition, the observed eGFR decline in patients directly switched to agalsidase-a might not only be the result of a lower ERT dose, but it may also be the result of a more severe renal impairment in these patients when ERT was initiated. On the basis of our study, we conclude that whenever agalsidase-b is chosen, a dose-reduction and subsequent switch to agalsidase-a should be avoided. In addition, a direct switch from agalsidase-b to agalsidase-a is safe in general, but clinicians should be aware that eGFR may decline.
Limitations
Our study has some limitations, such as its observational nature and therefore an unavoidable selection of patients. Because of the observational design (real-world design), patients were not randomized. Therefore, outcomes of comparison between the three groups should be carefully interpreted. The total number of patients was slightly lower than the initial publication 13 because (1) one inclusion criterion was the determination of a complete dataset at baseline and after 2 years and (2) patients switching the therapy regimen more than two times during the follow-up were excluded. Because of the multicenter approach, some parameters and especially lyso-Gb3 levels as a potential marker for disease progression were not available for the entire study cohort. The observed clinical response may be influenced by the development of inhibitory antibodies against ERT, which were not systematically assessed in our multicenter approach; however, a switch of product has no effect on their formation. 31 The analysis of the longitudinal 2-year data revealed a renal impairment in patients after dose reduction and/or switch, even if kidney biopsies are missing to demonstrate a direct injury. As already mentioned by Pisani and colleagues in their recent editorial, 32 a detected increase of gastrointestinal pain may be influenced by anxiety of patients or greater attention by physicians. Even though our study has intrinsic limits, we could conclude that both products show efficacy and safety concerning serious clinical events. 
Conclusions
After 2 years of observation, patients receiving a regular-dose of agalsidase-b had a stable disease course, whereas those with dose reduction and switch to agalsidase-a had an impairment of renal function.
CONCISE METHODS
Study Design
In this retrospective observational study, a cohort of 89 patients (56 men, 33 women) with genetically confirmed FD from three German Fabry Centers in Berlin, Münster, and Würzburg were consecutively recruited and followed-up for 2 years. Patients had been on a stable treatment with agalsidase-b 1.0 mg/kg body wt e.o.w. for at least 1 year and reported at the Fabry centers for their regular clinical follow-ups. The routine clinical assessment included cardiac, renal, and neurologic parameters. The documentation of assessments followed clinical practice of the German Fabry Expert Centers for a rare multisystemic disorder. Inclusion criteria were as follows: (1) adult patients ($18 years of age) with genetically determined FD, (2) at least 12 months stable treatment with a regular-dose of agalsidase-b 1.0 mg/kg body wt e.o.w., (3) 1-and 2-year follow-up visits at the respective FD centers after dose reduction and/or switch to agalsidase-a 0.2 mg/kg body wt e.o.w., and (4) informed consent for examinations and participation in the study. All investigations were performed after approval of the ethics committees of the participating centers (project no.: 2011-347-f), and written informed consent of the patients for molecular analysis and publication was obtained.
Patients changing therapy more often than twice after at least 12 months of stable treatment with the regular-dose of agalsidase-b 1.0 mg/kg body wt e.o.w. (inclusion criterion 2) were excluded. Our study comprised 89 instead of the initial 105 patients with FD because of dropouts and incomplete datasets for some parameters that were not available for the entire study cohort. The baseline visit was defined as the last visit when patients were still treated with the regular-dose of agalsidase-b 1.0 mg/kg body wt e.o.w. After this visit the long-term therapy strategy was determined individually by the treating physicians in accordance with the patient. The following options were proposed ( (switch group). The regular-dose group should not be considered as a control group but serves for a better understanding of the results obtained in the 2 core groups (dose-reduction-switch group and switch group). The determined long-term treatment was initiated, and patients were invited for follow-up visits (1-and 2-year follow-up) after 1 year of stable treatment with the implemented therapy. Therefore, in the final dataset, all data from three consecutive visits were included (baseline-visit, 1-year followup-visit, and 2-year follow-up-visit).
The detailed clinical work-up of patients has been previously reported. 13 In brief, renal function was quantified by the eGFR using the CKD-EPI-based equation on the basis of serum creatinine (eGFR creat ), 14 cystatin C levels (eGFR cys ), 15 and a combination of creatinine and cystatin C (eGFR creat-cys ) 15 and albuminuria (ACR) from spot urine. Microalbuminuria was defined as an ACR between 30 and 300 mg albumin per gram of creatinine. For the eGFR analyses, patients with hyperfiltration (.120 ml/min per 1.73 m 2 , eGFR creat ) or under dialysis were excluded. All patients underwent neurologic examination and a clinical interview focusing on a history of strokes/transient ischemic attacks and pain.
Outcome Parameters
To quantify the clinical outcome, three groups of Fabry-related progression parameters were analyzed.
Clinical Events
For clinical events, the following parameters were analyzed: (1) 
Change in Organ Function and/or Structure
Forcardiacchanges, end-diastolic septal and posterior wall thickness and ejection fractionwere analyzed. For renal changes, eGFR and ACR in spot urine were analyzed. For neurologic changes, clinical examination and interview on stroke and transitory ischemic attacks were performed.
Change of Fabry-related Symptoms
Appearrance of gastrointestinal pain (abdominal pain, tenesmus, or cramping more than once a week), diarrhea (more than three loose bowels or .250 g of stool weight per day), hypohidrosis or anhidrosis (impairment or loss of ability to sweat), tinnitus, Fabry-associated pain (i.e., pain attacks, permanent pain or pain crises) was assessed; additionally the MSSI score 33 was applied.
Data Analyses
Data are presented as mean6SD, median (range), or number (%), where appropriate. Differences between groups and between baseline and follow-ups have been tested via one-way (Kruskal-Wallis) or repeated-measure (Friedman) ANOVA for continuous variables or Fisher's exact test for categorical variables, including correction for multiple testing. Annual percentage changes in eGFRs were analyzed using one-sample t test. Annual changes (in ml/min per 1.73 m 2 )
were adjusted for baseline eGFR values, age, sex, and premedication.
The P values ,0.05 were considered statistically significant. Data were analyzed using SAS version 9.3 (SAS Institute, Cary, NC) and GraphPad PRISM V5.0 software (GraphPad Software, La Jolla, CA).
